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The purpose of this research is to study the propagation of meteorological uncertainty within a 
cascade modelling approach. This is comprised of a Numerical Weather Prediction Model 
(NWP), a rainfall-runoff model and a standard 2D hydrodynamic model. The cascade of models 
is used to reproduce an extreme flood event that took place in the South east of Mexico, during 
November 2009. The event is selected as high quality field data (e.g. rain gauges; discharge) and 
satellite imagery are available. Uncertainty in the meteorological model (Weather Research and 
Forecasting model) is evaluated through the use of a multi-physics ensemble technique, which 
considers twenty four parameterization schemes to determine a given precipitation. The resulting 
precipitation fields are used as input in a distributed hydrological model, enabling the 
determination of different hydrographs associated to this event. Lastly, by means of a standard 
2D hydrodynamic model, hydrographs are used as forcing conditions to study the propagation of 
the meteorological uncertainty to an estimated flooded area. Results show the utility of the 
selected modelling approach to investigate error propagation within a cascade of models. 
Moreover, the error associated to the determination of the runoff, is showed to be lower than that 
obtained in the precipitation estimation. The numerical framework is robust enough, given its 




Flooding is one of the most common and destructive natural hazards faced by civilization, and 
such hazards are likely to increase given current climate change scenarios that suggest more 
intense hurricanes and heavy precipitation events. Estimates by the Emergency Events Database 
EM-DAT suggest that in 2010, floods affected 180 million people worldwide [1].  Moreover, in 
the years to come, it is very likely that low-lying areas prone to the action of flooding would be 
even more exposed to an increased frequency of extreme events. 
Since 2007, heavy flooding has been experienced on a yearly basis in the Mexican state of 
Tabasco, leaving large costs and damages. In this region, different rivers have flooded large parts 
of the state, as seen in 2007, 2009 and 2010. The 2007 event flooded 70% of the lowlands of the 
state with depths up to 4 m in some locations and with 1.2 million of affected people, 
approximately (Aparicio et al., [2]). These events in combination with the frequent incidence of 
tropical storms and hurricanes, revealed the need for a better flood management strategy.  
 For operational flood forecasting purposes, coupling hydro-meteorological prediction systems 
with hydrological and hydraulic models has been the object of recent research (Pappenberger et 
al., [3]; Demeritt et al., [4]).While such integrated flood forecasting schemes have drawn the 
 
interest for decision makers, inherent uncertainties in the predictive models usually can lead to 
false flood alerts. In order to overcome with such constraints, an ensemble of meteorological 
forecasts can be used in catchment hydrology to provide improved early flood forecasting as 
some of the uncertainties can be quantified (Cloke and Pappenberger, [5]). 
For hydrological forecasts, a key process is to use meteorological ensemble forecasts, as they 
provide additional and valuable information about the uncertainty in precipitation (Bartholmes 
and Todini, [6]; Cloke and Pappenberger, [5]). One approach is to use ensemble forecasts as the 
input for rainfall–runoff models, to obtain an ensemble of hydrological forecasts, and 
subsequently estimate the probability of flooding using a wide range of boundary and initial 
conditions. A major challenge that arises when using flood forecasting techniques is the 
propagation of uncertainty from rainfall outputs to flood inundation maps. Different model 
parametrizations and domain resolutions will be strongly reflected in the ensemble stream flow 
forecasts and forecast verification techniques may be applied to address these questions.  
The aim of this investigation is to study the propagation of the hydrometeorological error 
into a flood map. For this, we utilize a cascade modelling approach comprised by a Numerical 
Weather Prediction Model (NWP), a rainfall-runoff model and a standard 2D hydrodynamic 
model. Uncertainty is considered in the NWP model using a multi-physics ensemble technique 
considering twelve parameterization schemes. The resulting precipitation fields are used as input 
in a distributed hydrological model to generate spaghetti plots, which are then employed as 
forcing in the hydrodynamic model. 
 
CASE STUDY 
The study area is the lower region of the Tonala river basin, located in the Mexican state of 
Tabasco (Figure 1). This unregulated river flows into the Gulf of Mexico, and defines the 
boundary between the states of Veracruz and Tabasco with a total length of 150 km and a drainage 
area of 6,714 km2, respectively. In Mexico, the eastern state of Tabasco represents one of the 
most vulnerable regions to flooding due to its topography and recurrent heavy rains. The average 
mean temperature in Tonalá ranges between 24-28°C, with a climate influenced by an intense 
wet season (September-December) in combination with the incidence of hurricanes and storms 
arriving from the Northern direction. The relative humidity fluctuates between 80% - 86% and 
the cloudiness is high most of the year. The region has one of the highest mean precipitation rates 
in Mexico with an average between 2-3 m/year. The observed mean annual runoff at the outlet is 
close to m3/s (CONAGUA, [7]).  
 
There are several urban areas and locations along both sides of the river: the towns of Tonala 
and Agua Dulce in Veracruz, and Cuauhtemoczin and La Venta in Tabasco. In addition, the area 
is populated with industrial facilities associated with the national oil company (PEMEX). Thus, 




Fig 1. Left: the Tonala River basin with weather (blue dots) and hydrometric (write dots) 
stations. Right: Zoom over the floodplain of the Tonala river basin. 
The 2009 flood event was selected in the study, this flood was mainly caused by the cold 
front No. 9, which generated heavy rains in the state of Tabasco, mainly in the western region, 
which caused flooding on the coastal plain of Veracruz and Tabasco.  The cold front system 
remained stationary for nearly four days on the southern Gulf of Mexico. Such prevailing 
conditions provoked constant rain for 4 days, with intense rain rates on October 31 and November 
3, mainly affecting the western part of the state of Tabasco and southern Veracruz. Maximum 




The integrated approach used in this study is composed by the WRF model, a distributed 
hydrological code (MPE) and a standard 2D numerical model for the flood map estimation. The 
hydrological model used topographic elevation from a LiDAR data source with a resolution of 
20 m. Figure 2 shows the flow chart of the methodology used in this study. This process-based 
approach aims to replicate the connected system through a cascade of coupled models 
representing the precipitation regime, the rainfall-runoff response of the Tonala river basin and 
the behavior of the inundation in the floodplain. Uncertainty is considered in the WRF model 
using a multi-physics ensemble technique of twelve different parameterization schemes.  
 
Fig 2. Flow chart showing the methodology used in this study 
 
The results of the WRF model are then used as an input in the MPE model so both 
uncertainties by the models are compared and the propagation of the error with the system can be 
estimated. Rain gauge observations from the National Meteorological Service were used to 
validate the WRF derived precipitation. The simulated average precipitation over the Tonala 
catchment was compared to the corresponding observed precipitation in order to find the bias, 
the correlation coefficient (r) and the mean absolute error (MAE) at that grid point. Similarly, the 
same error metrics between observed and simulated discharge were applied for the comparison 
of the error during the cascade model process.  
 
Meteorological model  
The advanced research core of the Weather Research and Forecasting (WRF) model Version 
3.2 is adopted in this study. The WRF model is a fully compressible non-hydrostatic, primitive-
equation model with multiple nesting capabilities (Skamarock et al., [9]). Figure 3 (left) shows 
the model setup using an interactive nested domain inside the parent domain. The grid covers the 
central region of Mexico with a spacing grid of 4 km. In the vertical dimension, 28 unevenly 
spaced sigma levels were selected in the model. The modeling was performed from the 27th 
October 2009 until the 13th November 2009 to obtain precipitation every two days initialized at 
1200 UTC. Data from NCEP Global Final Analysis (FNL) with a time interval of 6 hours were 
used for the initial and boundary conditions. Figure 3 (right) shows the daily cumulative 
precipitation over the Tonala catchment compared with measurements of weather stations and 
the uncertainty represented in the physics ensemble. The cumulative rainfall recorded in this 
region is slightly less than the modeled precipitation. 
 
 
Fig. 3 a) Cumulative precipitation map estimated by the WRF model; b) Comparison of daily 
hyetographs WRF members vs Measurements; c) Comparison of cumulative precipitation WRF 
members vs Measurements. 
Determining the optimal combination of physics parameterizations was made according to 
the configurations described by the UCAR (Wang et al. [10]), Bukovsky and Karoly, [11], Jankov 
et al. [12] and other atmospheric studies in the region (Lopez-Espinoza et al. [12]). In this work, 
a range of physics combinations are used to simulate a time series of rainfall. Ensemble climate 
simulations have become a common practice in order to provide a metric of the uncertainty 
associated with climate predictions. There are several methods to generate these ensembles that 




perturbation of physical parameters (physics ensemble) and the use of many different climate 
models (multi-model ensemble). Within the WRF modelling system, the use of different 
parameterizations allows the creation of an ensemble that limits the uncertainty in the predictions. 
Table 1 shows the different combinations in the WRF model to generate the physics ensemble. 
 
Table 1. Combinations in the WRF for physics ensemble 
 
Hydrological model  
The hydrological model employed for the generation of flood hydrographs was developed 
by the Institute of Engineering–UNAM (Domínguez et al.[13]). The method used to simulate 
runoff generation is based on the Soil Conservation Service curve number (SCS-CN) method 
with a modification that allows considering the drying of the soil after a precipitation event. The 
computation of the runoff in the whole basin is carried out following Clark´s method, which sums 
the runoff estimated in grid, where in each cell to estimate a general hydrograph, similarly as in 
previous studies in the area (Rodríguez-Rincón et al. [14]). 
The code is supplied with each member of the ensemble generated by the WRF model across 
the river basin and with the physiographic parameters of the river basin. Figure 4 shows the 
spaghetti hydrographs computed at the Tonala catchment during the 2009 event. Notably, it is 
observed that the discharge obtained by the ensemble mean is close to the values of the 
hydrometric station of San José del Carmen. The maximum and minimum represent the 











1 WSM5 5-Layer TDM Kain-Fritsch Eta off/on
2 WSM5 5-Layer TDM Kain-Fritsch Eta on/off
3 WSM5 5-Layer TDM Kain-Fritsch Eta on/on
4 WSM5 Noah Kain-Fritsch Eta off/off
5 WSM5 Noah Kain-Fritsch Eta off/on
6 WSM5 Noah Kain-Fritsch Eta on/on
7 Thompson 5-Layer TDM Kain-Fritsch Eta off/off
8 Thompson 5-Layer TDM Kain-Fritsch Eta off/on
9 Thompson 5-Layer TDM Kain-Fritsch Eta on/off
10 Thompson 5-Layer TDM Kain-Fritsch Eta on/on
11 Thompson Noah Kain-Fritsch Eta off/off
12 Thompson Noah Kain-Fritsch Eta off/on
 
 
Fig 4 Spaghetti hydrographs from the MPE hydrological model. 
 
Flood inundation model  
The hydrodynamic model MIKE21 solves the Reynolds-averaged two-dimensional Navier–
Stokes equations subject to the assumptions of Boussinesq and hydrostatic pressure 
(http://www.dhigroup.com; [DHI, 15]). The model solves the equations at the centre of each 
element within the domain. The numerical discretization of the region of study is limited to the 
lower reach of the Tonala river and is based on an earlier study presented by Pedrozo-Acuña et 




Fig 5. a) Estimated hydrograph for La Sabana River; b) Estimated hydrograph for Papagayo 
River. 
In this investigation, due to the size of the region of interest, the modelling system utilized 
comprises the flow model of MIKE 21 flexible mesh (FM). Here, the roughness is defined in 
a) b) 
 
terms of the ground elevation along the domain. (Pedrozo-Acuña et al. [16], Rodríguez-Rincón 
[13]). Figure 5 (right) shows the comparison of three flooded areas (maximum, mean and 
minimum) resolved by the hydrodynamic ensemble model. The results are compared to satellite 
imaging data (left). The estimated inundation areas show a good agreement to those observed.  
 
DISCUSSION AND CONCLUSIONS 
The aim of this study was to generate a modeling framework that enables a careful 
assessment of the error propagation, from a meteorological prediction to an estimated flooded 
area. For this, we introduced a cascade modelling approach to flooding, where different stages 
and scales of the event were incorporated (e.g Pedrozo-Acuña et al. [16]).  
The ability of the different stages of the numerical approach was evaluated using well 
established error metrics. Figure 6 shows the results of three different error metrics (BIAS, 
correlation and mean absolute error) associated to the first two stages of the modelling approach 
(meteorology and hydrology). It is demonstrated that the in all of the metrics used, the quantified 
error and bias in the meteorological prediction, is clearly reduced in the hydrological modelling 
stage.  
Results indicate that the proposed numerical framework could be utilised as a robust 
alternative for the characterisation of extreme events in ungauged basins (e.g. Pedrozo-Acuña et 
al. [17]).  
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